Abstract-In the present paper, we report on a metal-catalystfree synthesis of carbon nanotubes (CNTs) on a pre-patterned Si(001) surface. Arrays of triangular-shaped holes were created by nanoindentation in specific sites of the sample. After germanium deposition and chemical vapor deposition (CVD) of acetylene, a few CNTs nucleated and grew from germanium nanoparticles. This result illustrate how it is possible to control the growth of CNTs without the use of a metal catalyst, by leading the assembly of Ge nanoparticles with a patterning technique.
INTRODUCTION
Nowadays the interest around carbon nanotubes (CNTs) is still rising dramatically. Several CNTs-based devices have been already conceived (field-effect transistors, nonvolatile random-access memories, sensors, field-emission displays [1] ), each time relying upon one among the many unique properties of this allotropic form of carbon. An individual carbon nanotube outclass any other material for what concerns electrical, optical, thermal and mechanical properties; nevertheless it is still very complex being able to benefit of such properties in an actual device. This is mainly due to an insufficient control over the most common synthesis method, Chemical Vapor Deposition [2] . Even though it is possible to grow neat three-dimensional structures made of CNTs by controlling the deposition of a metal catalyst layer [3] , an exact control over the positioning of single tubes is still out of reach. Besides, for applications such as sensors or memories, the presence of metal species is not compatible for the integration with a complementary metal oxide semiconductor circuitry. Most used transition metals as Ni or Fe create in fact deep-level defects in the bandgap of Si, resulting in unwanted trap states. Despite sustained efforts, it is still impossible to remove completely such metal particles from CNT samples without introducing defects and contamination. However, recent studies claim that also semiconductor particles can be employed for the growth of CNTs [4] , since only a nano-scale curvature would be necessary for the hydrocarbon decomposition and subsequent nucleation of the nanotubes [5, 6] .
Germanium is an ideal candidate in the role of catalyst among the semiconductors. This is due to the wealth of knowledge available on its epitaxial growth on silicon. Besides, many patterning technique for silicon are suitable to increase the degree of control over the Ge assembly. Patterning by nanoindentation in particular can be a viable and effective approach for the ordering of Ge dots on large scale. By providing preferential sites for the nucleation, due to the change in morphology and the lower energy required, numerous Ge dots can be placed where required. Consequently, they can be employed in CVD for a controlled growth of CNTs.
II. EXPERIMENT
Nanoindentation was performed on a Si(001) sample by using a triangular diamond tip (Berkovich) fitted to a Hysitron Triboindenter. A grid of 8 indents per side was created on the surface; in Fig. 1 a close AFM image show 16 of these indents. The triangular pits have a typical side about 600 nm long, a depth of a least 30 nm, and a relative distance of about 1 Pm. After a cleaning stage by cyclical ultrasonic baths in ethylic alcohol and high-pure deionised water, the sample was annealed in ultra-high vacuum at 600 °C for 30 minutes. A few flashes at 1100 °C followed, aiming at reconstructing the surface by re-epitaxy of Si. Once a good clean and reconstructed surface was obtained, Ge has been evaporated, keeping the sample at 580 °C up to a total coverage of 13 monolayers (ML). The substrate was then extracted from the UHV vessel and mounted in the nanotube growth chamber. CNTs synthesis was performed by employing acetylene (C 2 H 2 ) at low-pressure while keeping the substrate at 750 °C. The growth process lasted for 20 minutes and a flux of Ar was then kept for 5 minutes before taking out the sample.
III. RESULTS AND DISCUSSION
After the Ge evaporation, Ge islands appeared all over the surface, both on pristine and patterned areas. However, in the patterned areas the islands density is about ten times higher than in the areas far from the pits. The islands size is around a mean value of 200 nm constant on the whole area, as expected [7, 8] . The higher value of islands density near the pits is likely related to the elastic energy involved in the creation of a Ge nanoisland on a Si substrate with a lower lattice constant. It is possible to show [7, 8] that Ge nanocrystals nucleate preferentially on the edge of the indents where the strain release is higher.
The annealing at 750°C during the CVD stage favours Ge diffusion, producing the formation of an ordered distribution of domes over the indents (Fig. 2) . During the CVD stage the growth of MWNTs is observed and they seem to originate from the small (<50nm) residual nanoparticles between the indents. It is interesting to notice that the carbon nanotubes nucleate only from Ge nano-particles in the patterned area (Fig. 2) , while no tubes are visible in the non-patterned area (where the Ge particles are larger). The samples have been analyzed by SEM and AFM. The EDX spectrum obtained from our sample clearly indicates that metal species are not present in the patterned area (not shown).
In order to clarify the CNT growth mechanism in this kind of experiments, a new silicon sample was patterned with the same procedure. After the same cleaning steps, Ge has been evaporated at T=580 °C in two stages, reaching at first coverage of 6 ML and then going up to 7 ML (Fig. 3) . This further experiment aimed at obtaining two "freezeframe" shots at two pivotal stages of the Ge assembly. At coverage of 6 ML, Ge dots nucleate all over the Si surface, however gathering in high concentration on the corner and on the sidewalls of the indents. By adding an additional ML of Ge only (7 ML in total), the dots disappear from in-between the indents and large domes form on each site. In comparison with a flat surface, in which the dots are bigger and distributed randomly, in the indented zone only a narrow distribution of very small dots is present. Those big domes sitting in the indents act thus as sinks for the impinging Ge, leaving only a few small dots within the patterned area. Such a behavior should increase the probability of the nucleation of a CNT, since Ge nanoparticles of the right size can become available while rising the temperature in CVD. Other areas with arrays of indents of different pitches (0.75, 1.5, 2 µm) do not show such an ordered assembling of Ge domes as confirmed by other experiments [9] . This optimum separation of indents of about 1 µm is dependent on the diffusion length of Ge along the Si surface during annealing.
In a typical metal-catalyzed CVD, unless the catalyst nanoparticles have been deposited under controlled way, carbon nanotubes grow entangled and in high density; conversely, in our experiment only a few nanotubes appear, but they sprout only in specific positions. Figure 4 reports a HR-SEM image of a MWNT grown on a Ge nanoparticles of diameter about 45 nm. It can be observed that CNTs seem to grow from Ge nanoparticles less than 50 nm in diameter, indicating that the dimension of Ge nanoparticles influences the CNTs yield. This result is very interesting, as it seems to show that also Ge nanoparticles larger than expected [5, 6] are able to catalyze the carbon nanotube growth. A detailed study of the optimum size of nanoparticles and of their crystal structure is in progress at the moment. Pre-pattering down to 20 nm feature sizes will confirm that growth occurs from nanoparticles around this size.
This opens up routes for a wide range of materials to act as catalysts. Semiconductor nano-particles of SiC, Ge, and Si should be further investigated to this purpose. Also a simple and effective method for growing SWNTs via a metal-catalystfree CVD process on a sputter deposited SiO 2 film, by which it is possible obtaining metal-free, pure, and dense SWNTs has been presented [10] . These approaches still suffers the comparison with the metal-assisted synthesis and need to be improved, given the relevance of the implications. 
IV. CONCLUSION
After the evaporation of germanium at high temperature in ultra-high vacuum, Ge nanoparticles appeared both on pristine and patterned areas. In the latter zone notably, the nanoparticles assembled in high-density near the edge of the indents. The CNTs growth process took then place by low-pressure Chemical Vapor Deposition of acetylene. A narrow but ordered growth of MWNTs occurred in the patterned area, arising only from the Ge nanoparticles in the nanoindented area. The sample have been analysed by SEM and AFM. An EDX analysis indicates that metal species are not present in the patterned area, further confirming that the Ge itself acted as catalyst for the growth of the carbon nanotubes. CNTs can be then placed in desired sites and could be employed effectively in electronic devices even without a metal catalyst. At present this method still provides low yields though, needing to be further improved. A detailed analysis of the composition of the surface would be also required. Nevertheless, the possibilities opened by this new avenue are endless.
